Linear polyeth yle ne Sta ndard Refe re nce Mate ri a ls S RM 1482, 1483 , a nd 1484 a re certifie d for we ightaverage mo lecular we ight Mw. In thi s pa pe r th e experime nt a l proced ures em ployed for th e d e te rmin a ti on of Mw for th ese ma te ri a ls by li ght scatt e ring a re d escribed, and th e tec hniqu es used to a na lyze th e da ta a nd to estima te limit s of syste mati c e rro r a re d iscussed .
Introduction
Stand ard Reference Mate ri als SRM 1482, 1483 , and 1484 are linear polyeth yle nes with relatively narrow di stributions in molecular weight , issu ed by th e National Burea u of Sta ndards . Their general ch aracteristi cs are d esc ribed in th e first paper of thi s seri es [1] . t In th e prese nt paper, we describe th e determina ti on of th e ir certifi ca te values of weight-ave rage mol ec ul ar weight Mw from measurements of the scatte ring of li ght by solutions of th e SRM's in 1-c hloronaphthalene at 135°C.
The use of light scatt ering to determine the molecular weight and size of macromolecules in dilute solution is well es tablis hed [2] . Th e usual prac ti ce is to meas ure th e scatt e ring [rom the macromolecules in solution relati ve to th a t [rom a mate ri al of known scatteri ng powe r. Th e measure ments reported in this pape r, a nd consequently th e certifi cate values of Mw , are referred to values publi shed by Coumou [3] for the scatterin g of light of wavelength 546 nm from benzene at 23°C.
The value of th e differe ntial refractive index dn/dc is need ed to obtain weight-aveTage molecular weights from light scattering data. The differential refractom eter employed for thi s purpose was calibrated with aqueous solutions of sucrose at 25°C, using values for the differe ntial refrac tive ind ex for this syste m published by Norberg A "SOFICA 42,000 Photo Goni o Diffu someter" light scattering photometer was used for scattering measurements . 2 Li ght of nominal wavelength 546 nm was used , pola riz ed with th e electri c vec tor of th e inc id ent bea m norma l to th e plane conta ining th e inc id ent and scatt ered wave vecto rs (verti cal pola ri za ti on). A green filt er a nd a ve rti ca l pola rizer were placed in th e pa th s of both th e in c id e nt a nd th e scatt ered beam. Measure ment s were made a t 135°C with th e scattering cells immersed in a va t of s ili cone oil whi ch had been filt ered through a glass frit before use.
A glass rod suppli ed by th e ph otomete r ma nufacturer was used as a working standard . Its scatt e rin g relati ve to th at of benzene was measured at room te mperature a t a scatt e ring angle of 9 0 0 , a t th e wa vele ngth a nd pola riza tion used for measure ments on polye th ylene soluti ons . During th e course of the measurements, th e opti cal ali gnm e nt of the photometer was checked peri od icall y by comparin g th e scatte ring s ignals from solve nt at scattering a ngles of 45 and 135°. The signals were found to differ by less th an 1 percent in all cases. The effects of alignment errors of thi s size on th e va lues obta in ed for th e mean-squ are radius a nd th e we ight-ave rage molecular weight are discussed in sections 3. 2 and 4.9 , respectivel y.
The benze ne used [or calibra tin g th e photomete r was prepared from Certified A.C .S. grad e be nze ne . The s ta rting mate rial was first extracted eight times with concentrate d H2S04 , four times with a 5 percent aqu eou s solution of NaOH , and four times with di stilled water. It was th en dri ed by mi xing with anh ydrou s CaCl2 , and fracti onally distilled in glass ove r sodium metal. Finally, it was passed through a column of sili ca gel a nd adsorption alumina to adsorb any re ma inin g nuorescent impurities .
b. Preparation of Solutions
Commercial grade 1-chloronaphthalene was di stilled at reduced pressure after removal of residual naphthalene b y sublimation , also at reduced pressure . Immediately before use , dissolved air was swept out of the solvent by bubbling oxygen-free nitrogen gas (The Matheson Co. , "prepurifi e d grade") through it at room temperature for at least 1 h . Polyethylene solutions were made up by weight, and th e ir concentrati ons were calculated using values of solvent density and partial specific volume at 135°C determined pycnometrically in this laboratOlY. The polyethylene samples were dissolved a t 135°C with gentle stirring. They were then filtered, as described in section 2.1.3, directly into th e li gh tscattering cells and th e scattering recorded. In preliminary experiments, the filt ers employed showed discoloration and signs of disintegration after 2 h exposure to 1-chloronaphthalene at 140°C. Evidence of degradation (discoloration , increased and erratic small-angle scattering) was also found when filtered solutions were kept at 135 °C for more than 2 h, but no such evid ence was found in less than 2 h. The final measurements were therefore scheduled so that th e total ex posure time of the filt ers to hot 1-c hloronaphthale ne was less than 1/ 2 h in all cases, a nd so that no more than 2 h elapsed between th e beginning of heating and comple tion of the measure ments of each solution.
c. Measurement Procedure
Before each use, xylene vapor was allowed to condense on th e inside sUlfaces of th e inve rted light scattering cells, to remove du st. Pol ye th ylene solutions or solvent were filtered directl y into th e cells through a hypodermi c syri nge heated to 135°C and fitted with a "Swinney Adapter" filter holder (Mill ipore Corp., Bedford, Mass. ). For measurements on SRM's 1483 and 1484 a nd the ir associated solvent readings, solutions and solve nts we re filtered through 0.22 I-tm MF Millipore filters (No. GSWPO 2500) made of mixed esters of cellulose. No external pressure was appli ed during th e filtration .
The scallering from SRM 1482 was much s maller than th at from the other two polyethylenes, and noise from dirt a nd dust was a more seri ous problem. For meas ure men ts on thi s material , th e fin al de-dusting of th e scattering cells by condensed xylene vapor was preceded by boiling in xylene, soa kin g in hot chrom ic acid, and successive rinsing in tap water, di stilled water, and ethanol. Two s tacked 0.22 I-tm Millipore filters were used to filter SRM 1482 solutions and solvent into th e scattering cell s. External pressure of about 0 .5 psi* was appli ed during filtration and adjusted to give a fl ow rate of about 1/2 mL /m in. , in order to make the total exposure time of the filt er to hot l-chloronaph th alene less th an 1/2 h.
For all three SRM's, th e filter was first rinsed with the preheated material to be measured (solven t or solution), to re move dete rgent added during th e filter manufacturing process and surface dust. Three rinses of about 2 ml each were th e n filtered into the scattering cell and discarded. Finally, 8 to 10 ml were filt ered into the cell for measurement , and the cell was placed in the photometer and allowed to reach the rmal equilibrium.
Measurements of scatt ered intensity were mad e a t scattering angles from 45 to 135° in 15° steps . The scattering signal at 90° from th e glass rod used as a working standard was measured after each solution or solvent measuremen[. For measurements on SRM 1483, solvent measuremen ts were made in three of th e five scatt ering cells used. The three sets of solve nt measurements were averaged, and the average readings used for th e analys is of th e measure ments on all th e soluti ons. For meas urements on SRM's 1482 and 1484, solve nt measure ments were taken in every cell used for * 1 psi equals approximatel y 7 X loa Pa.
solu tion meas urements, and the solvent scattering intensi ties obtained fo r each cell were used for the analys is of measurements on solutions taken with that cell. In addi tion, each cell was always placed in the photometer wi th the same angular orientation to mini mize th e effects of imperfections in the cells. 
.. Differential Refractive Index
The differential refractometer employed for measurements on SRM's 1482, 1483, a nd 1484 has been d escribed elsewhere [5] . For the present work, it was modified slightly by th e addition of a condensing lens be tween th e mercury lamp source and the slit. The instrument was calibrated with 7 solutions of sucrose, with concentrations from 6.3 to 26 giL, at 25°C. T he sucrose solutions were made up by weight, and their concen trati ons were calculated using th e d ensity tables of Schneider et al. [6] . Otherwise, the equipment and measure ment techniques em ployed in thi s work were ide ntical with those described in [5].
Results

Differential Refractive Index
The experimental determination of th e differential refractive index dnldc d escribed in detail in [5] consists essentially of the measuremen t of the displacement d of an optical slit image resulting from the substituti on of a solution of concentration c for solven t in one side of a measuring cell. For dilute solutions, d is proportional to c; the ratio k = d/c is proportional to dnfdc. In practice, k is determined by measuring displacement for several concen trations and fitting the observed displacemen ts to d = kc. Calibration is accomplished by determining the value ko for a material of known differe nti al refracti ve index (dnldc )0; th en for substance i we have:
Di splacements were measured as a function of concentration for SRM's 1482 , 1483, and 1484 at 135°C in 1-c hloronaphthalene, and for aqueous solutions of sucrose at 25°C. 
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where F = LF; a nd th e index i is summed over the four ; samples. We th e n use thi s pooled valu e to form improved 
In order to use eq (4) for th e estimation of molecular parame te rs, we must first decide how many terms on th e ri ght-hand s ide must be included to provide an adequate fit to th e ex perimental data. The dependence of cg/l e upon c and upon s in 2 (0/2) refl ects solute-solute interactions and solute size, respec tivel y. Sin ce both effec ts increase with in c reas ing mol ecular we ight , we expect th e hi ghest mol ecular-weight material to provide th e most sens it ive tes t of adequacy of fit. Accordingly, prelimil)ary scalle rin g dat a for SRM 1484, with th e hi ghest mol ecul ar we ight of th e three SRM's, were firs t plotted as c/le versus s in2(0/2) a t consta nt concentration and versus c at constant scatt erin g angle, to see wh e th er a lin ea r expans ion (i .e ., re taining only Coo, CO" and C 10) would provide an adequate fit. The plots revealed th at the linea r approx imation was clea rl y inadeq uate in this case; in particu lar, th e constant-angle plots versus c s howed distinct curvature. Th e e ffect of including second -ord e r terms in eq (4) (C 02 , C '" a nd C 20) was th erefore investi ga ted by a seri es of least-squ ares analyses of th e data. Inclus ion of C 20 was found to reduce th e residual standard dev iation in c /l e by SS percent, while inclu s ion of C II res ult ed in a reducti on of only 4 to 10 percent a nd inclu sion of C O2 in creased th e res idual sta nd a rd deviations slightly. The numbe r and range of concentra tions were not suffi c ien t for inclus ion of hi gher te rm s in c (C30 , etc. ) to be sens ibl e. The final analyses on a ll three SRM 's were th erefore carri ed out including C20 but not the other second-ord er terms:
The coefficients in eq (S) are related to the weight-average molecular weight Mw , molecular meall-square radius Re\ and second and third vi rial coefficients A 2 and A 3 by [2 , 7] :
wh ere:
(10)
Ao is the wavelength in vacuum of the scallered light, set at 546 nm in this work , nand nB are the indices of refra ction of the solvent and benzene, taken as 1.586 [8] and 1.503 [3] , respectivel y, dn/dc is the differential refractive index of the solution, measured as described in 3.1, N A is Avogadro's number, taken as 6.022 X 10 23 mol -I, Vv B is the Rayleigh ratio for the vertically polarized scattering of vertically polarized light from benzene, used for calibration and obtained as described in the following paragraph, and S is the measured ratio I G/I B of the scattering signal obtained from the glass working standard to that obtained from benzene.
The "vertical-vertical" Rayleigh ratio Vv is related to the Rayleigh ratio Vu for the unpolarized scattering of unpolarized light and the depolarization ratio Pu for unpolarized light by:
Using the published [3] values for benzene Vu = 15.8 X 10-6 cm -I and Pu = 0.41, we obtain Vl = 17.8 X 10-6 cm-I .
The uncertainty in Mw introduced by th e use of this derived
Rayleigh ratio is discussed in section 4.4.
As described in section 2.1c, from five to seven sets of measurements were made on each SRM. Each set consisted of scattering measurements on from five to seven solutions, together with solvent measurements, at seven scattering angles. The sets for each SRM are equivalent or nearly so. The data in each set were fitted by least squares to eq (5), and the resulting values of Coo, COb C 10, and C 20 were used to calculate Mw, RG 2 , A2 , andA 3 using eq (6) The values of Mw in table 2 may be compared with the number-average molecular weights Mn determined by membrane osmometry and reported in paper II of this series [9] .
It will be seen that Mw is slightly greater than Mn for all three SRM's, yielding estimates of the ratio Mw/ Mn in the range 1.1 to 1.2, consistent with estimates obtained by gel permeation chromatograph y [1] . The values obtained for the second virial coefficient are in crude but satisfactory agreement with those obtained by membrane osmometry [9] and with literature values for linear polyethylenes in l-chloronaphthalene [7, [10] [11] [12] . In addition, the ratios A3/(MwA22) are consistent with the often-cited estimate [13] 
Systematic Errors
We now list the likeliest sources of systematic error in the estimates of weight-average molecular weight described in the preceding section, and attempt to set upper limits on their magnitudes. Individual sources of error are discussed in the following subsections; the resulting error-limit estimates are summarized in table 3, expressed as percent errors applied to Mw.
According to eq (6), Mw is the reciprocal of the product K'C oo , where K' is given by eq (10). The effects of errors in the quantities that en ter into K' are discussed in sections 4.1-4.5. The coefficient Coo may be written as the zeroangle, zero-concentration limit of the quantity
where SG(O, c) is the ratio of the signal obtained at scattering angle 0 from a solution of concentration c to that obtained from the glass working standard at the same instrumental gain. Because of the non-ideality of the polarizers placed in the path of th e incident and scattered light, the geometric factor g is not strictly unity; the resulting error is discussed in section 4.6. It is clear that systematic errors in SG(O,c) and c will affect the value of Coo and therefore of Mw; errors from these sources are discussed in sections 4.7 and 4.8. The assumptions implicit in the use of eq (5), (6) and (10) introduce several possible sources of error; th ese are discussed in sections 4.9-4.14. Finally, the error limits from all the foregoing sources are combined and summarized in section 4.15.
Index of Refraction of Benzene
The index of refraction of benzene at 546 nm and 23°C is given in [3] as 1.503. We believe that this value should be good as stated, i.e., to 1 paI1 in 1500. Since nB appears in K' as the square, the resulting relative error in Mw is 2/1500 or 0.1 percent.
Differential Refractive Index
Errors in our values for the differential refractive index of the SRM's arise both from possible errors in the literature value for the differen tial refractive index of sucrose solutions, used for calibration, and from the imprecision of our measurements. We believe that the value of dn/dc for sucrose in [4] is accurate to 1 percent. The relative standard deviation of our own measurements, shown in table 1, is 0.17 percent for each of the SRM's. We choose the 95 percent confidence limit corresponding to this value as a reasonable error limit. The Student t factor [14] for 24 degrees of freedom and 95 percent confidence limits is 2.064; the 95 percent confidence limit is therefore 2.064 X 0.17 percent, or 0.35 percent.
Finally, since dn/dc appears in K' as the square, the resulting errors in Mw from the literature sucrose value and our own measurements are 2 percent and 0.7 percent respectivel y. . Root-sum-square of (5) and (19) 11. 11. 11.
Wavelength of Light
The light-scallerlng photometer employed for this work uses a merc ury lamp in conjunc tio n with a gree n filt er in th e in c id ent bea m whi ch selec ti vely transmi ts th e so-called " me rcury green line ," and a similar filt er in th e scattered bea m to remove any poss ible fluorescence from th e solution. However, a t th e relatively hi gh operatin g pressure of the me rc ury la mp, th e green-line radi ati on is apprec iably broade ned. The li ght-scatt e rin g e xperiment senses th e inverse fourth power average of th e wavelength , as may be seen from eqs (5)- (10) . Broade ning of th e radiation therefore produces a n apparen t shift in th e effective wavelength . In addition, at suffi cie ntl y hi gh press ures th e cente r of th e "gree n lin e" s pectrum may shift. In order to es timate th e size of th e errors introduced into Mw by th ese effec ts, we meas ured th e combined optical trans mission curve of th e two green filters placed in th e incident a nd scattered light paths. Us ing this trans mi ssion curve a nd a plot of th e spectral d istri bution of lamp output suppli ed by the lamp manufac turer, we calculated th e in verse-fourth power average wavelength of the scallered light reaching th e detector, obtaining a result of 549.6 nm, 3.5 nm large r than th e nominal value of 546.1 nm for the mercury green lin e. If th e actual value of the in versefourth power average wavelength could be determined with sufficient accuracy, it could be used instead of the nominal value. However, the data on the spectral distribution of the lamp output are given to a resolution of only 5 nm, and in addition are merely representative data for the type of lamp employed, rather than measured values for the lamps actually used. Direct measurement of the spectral distribution of the lamps used in this work was impractical, partly because of the relatively short lifetime of individual lamps, which resulted in several different lamps being used in the course of the measurements. We have therefore used the nominal value of the wavelength in our calculations, and have treated the deviation of 3.5 nm as a systematic error. In order to ascertain the effect of an error in wavelength of this size upon Mw , we first note from eqs (6) and (10) that the strongly wavelength-dependent quantities which appear in the calculation of Mw are '\0 itself and th e index of refraction and Rayleigh ratio for benzene. From eq (10) and (11), the wavelength dependence of the calculated Mw is that of the 189 expression (A04Uu/ nB2) (2 -Pu)/(l + Pu). Using the values reported by Coumou [3] for Uu , nB , and Pu at wavelengths of 436 nm and 546 nm, we find that with increasing wavelength, Uu decreases more strongly than ' 11. 0 -\ while nB and Pu re main essen ti ally constant. As a result , th e combin ed express ion increases by only 13 percent as the wavelength decreases from 546 nm to 436 nm. Assuming a roughl y linear dependence of the expression on wavelength, we find that a change of 3.5 nm corresponds to an error of 0.42 percent in Mw. Allowing for some nonlinearity and for th e neglect of the wavelength dependence of dnldc , we believe that 0.5 percent is a safe upper limit for systematic errors in Mw arising from uncertainty in th e wavelength of the light used.
Rayleigh Ratio of Benzene
As described in section 3 .2, th e value of the " verticalvertical" Rayleigh ratio for benzene was calc ulated from published [3] values of Uu and Pu, using eq (11). However, the quantities directl y measured were not Uu and Pu, but rather Uu and Uv , the unpolarized scattering from vertically polarized light. Now Vv is simply expressed in terms of Uu and Uv as: (12) and the standard deviation in Vv resulting from known standard d eviations in (independent) measurements of Uv and Uu may be estimated as the square root of th e sum of th e squares of th e standard d eviations in Uu and th e quantit y 3/2 U v . The standard deviations in U u and U v are given by Coumou as 3 percent and "better th a n 2 perc e nt," respectively. In order to convert th e relative standard deviation in Uv to an absolute standard d eviation, we use eq (12) to bac kcalculate 3/2 U v from the published value of U u and the value of Vv calculated from eq (11), obtaining finall y an implied standard d eviation in Vv of 0.82 X 10-6 cm-1 , or 4.6 percent. From this estimate of sta ndard deviation and th e account of experimental techniques given in [3] , we believe that 10 percent is a reasonable upper limit for systemati c error in the value of Vv for benzene, and th erefore for errors in our values of Mw from this source.
The Ratio le/lB
Seven re plicate measureme nts were made of the rati o I ell B of th e scattering signal obtained with th e glass working standard to th a t obtained with benzene, at a scallering angle of 90°. The resulting standard deviation of the mean value of the ratio was 0 . 11 percent. Using th e Student t factor for 6 degrees of freedom , we obtain 95 percent confid ence limits of 0 .3 percen t. The value of th e ratio for the glass rod employed was about 2 .5, close enough to unity that both signals could be measured without changing gain settings . Thus the only further source of error in the ratio is in th e non-linearity of the detection syste m. If we allow 0 .3 percen t for error from this source, then we obtain our combined estimate for errors in I ell Band M w from both sources as the square root of the sum of the squares of th e individual error estimates, or 0.4 percent.
Polarizer Errors
The geometric factor g in eq (4) is unity only if the vertically oriented polarize rs in th e incident and scattered beams transmit no horizontally polarized light at all. In th e general case, we must consider both components of polarization in both the incident and scattered beams. Let ~i be the ratio of th e trans mission coeffi cients for horizontally and vertically polarized light for the polarizer in the inciden t beam, and let ~s be the corresponding ratio for the polarizer in the scattered beam. Then the observed scattering signal will be proportional to Vv + ~/fv + ~iVh + ~i~/fh' where V and H denote the vertically and horizontally polarized components, respectively, of the scattered radiation, and the subscripts v and h denote the vertically and horizontally polarized components, respectivel y, of th e incid ent radiation.
The ratio Hv/Vv = Vh/Vv is the depolarization ratio Pv for vertically polarized light , re lated to Pu by Pv = Pul(2 -Pu).
By considering th e geometry of the scattering system, we find
[15] that the Hh component of th e scallering observed at an angle 0 is th e sum of two compone nts, one independent of depolarization and proportional to cos 2 0 , the other arising from depolarized scattering and proportional to pvsin20. The observed scattering signal is then proportional to 1 + (~i + ~s)Pv + ~i~s(COS20 + pvs in20) .
The measured values of ~i and ~s for the polarizers in our instrument are 0.9 X 10-3 and 1. 0 X 10-3 , respectively, th erefore th e term in ~i~s is negligible. The estimated optical anisotropies of polye th ylenes discussed in section 4.12 imply values of Pv less th an 0.8 X 10-3 , so th e term (~i + ~s)Pv can also be neglected for th e polyethyle ne measurements. Finall y, for th e calibrating measure ments on benze ne we have Pu = 0.41, which gives Pv = 0.26. Th e error in th e benzene measureme nts is th e refore (0.9 + 1.0) X 0.26 X 10-3, which is zero to the nearest 0.1 percent, and is so entered on line 7 of table 3.
The Ratios ScCO ,c)
The measured values Se(O,c) of the scattering from polyeth ylene solutions and solvent relative to th e scattering from the glass working standard are subj ect to errors arising from non-linearity of the detection syste m. However, scattering from solvent and from the mos t dilute solutions, to which the value of Mw is mos t sensitive, were meas ured at th e same gain settings as th e glass working standard. Therefore , we believe that th e estimated enor of 0.3 percent used in sec tion 4.5 is also adequate as an estimate of sys temati c enor in Se(O,c).
. Solution Concentration
As stated in section 2.1b, solutions were made up by weight. Concentrations c were calculated from the relation : (13) wh ere w, p, Po, and v are weight fraction, solution density , solvent density, and partial specific volume, respectively. Thus, errors in c can arise from errors in w, Po, and ii.
However, th e value of Mw is unaffected b y errors in ii. This can be seen by observing that th e coeffi c ient Coo in eq (5), from which Mw is calculated by eq (6), is the zero-angle, zero-concentration limit of th e product of c and a quantity ------------------------- whi ch is a function f of the scatterin g angle and measured scattering signals . As c approaches ze ro, P approaches th e limiting value Po, so that using th e left -hand equality of eq (13), we can rewrite Coo as Po times th e zero-angle, zeroconcentration limit of th e produ c t wI Thu s e rrors in v will not affect the final value of Mw; errors in Po will produce relative errors of th e same s ize in Mw . We believe that our valu e for solvent d ensity is acc ura te to 0.2 perce nt, as shown on line 9 of table 3 .
Solute and solvent we ights were meas ured on semimicro balances acc ura te to 0 . 1 mg. The resulting errors in solvent weights a re of the order of a few parts per million, and can be neglected. In order to estimate the effec t of errors in solute weights o n th e values of Mw obtained, a seri es of compari son calculations was can'ied out. For each SRM, one of th e sets of measure ments described in section 2. 1c was chosen, a nd th e valu e of Mw obtained from this set was taken as a " refere nce" value. The value for each solute weight in turn was then increased by 0. 1 mg and th e value of M w recalculated. The resulting percent changes in the reference values of Mw are shown in table 4, together with the sum of the absolute values of th e individual changes, their algebraic sum, and the square root of th e sum of their squares (rootsum-square) . The sum of th e absolute val ues represents the elTor if every weighing is in error by th e maximum amount possible and in th e direc ti on whi ch maximizes th e resulting error in Mw. We reject thi s estimate as overl y pessimistic.
The absolute value of th e algebrai c sum would be the appropriate measure if all th e we ighings were in error b y th e sa me amount, and th e root-sum -squa re would be appropriate if the individual errors were of random sign. Sin ce both these poss ibiliti es see m ph ys icaUy plau sible, we selec t as our error es tima te th e la rger of th e absolute valu e of th e algebraic sum a nd th e root-sum-squ are. As s how n in table 4, thi s turn s out to be th e root-sum-square in all three cases. Th e corresponding valu es a re shown on lin e 10 of table 3. 
Reflection Correction
As a res ult of th e refl ecti on of li ght from th e surface of th e scatt e ring cell , th e s ignal obselved a t a scatt e rin g angle () will includ e a compone nt due to light scattered through an a ngle 7T + (). Several express ions have been give n [2b, 7, 16 ] for th e magn itud e of thi s effect, which depends upon th e sys te m geome try and upon the indices of refra ction of th e scaltering soluti on, th e scattering cell, and the surrounding medium. When the e ffect is large, for example when th e surrounding medium is air, ex pli cit correction must be made to th e observed scattering signals . For th e work reported here, th e surrounding medium was a sili cone oil with an index of refraction of about 1.5, so th at all three media have about the same index of refrac tio n. In thi s case, th e correction will be very small, and it will s uffi ce to set an upper limit on th e e lTor introduced by its neglec t.
The fraction fr of li ght refl ected a t a perp endi cul ar interface betw een region s with index of refrac ti on nl and n2 is given by Fres nel's form ula asfr = [(nl -n 2)/(nl + n2)]2.
In th e present case, all th e indi ces of re frac ti on involved are about 1. 5; the maximum difference be tween th e m is about wh ere th e subscripts 1 and 2 denote sca tte rin g angles () and 7T + e, respec ti vely. We wi sh to find th e error in th e intercept a, d etermined from measureme nts at two points (x t.Y,) and (X2,Y2), wh e re Yi = llli, du e to th e use of II ' a nd 12 ' instead of II and 12 , Clearl y th e s ize of th e error d epends upon th e relative s izes of II and 12 ; if II is equal to 12 no a mount of mixing will produce an error in th e inte rcept. H e re we are interes ted in th e case wh ere 12 is onl y sli ghtl y s mall.er than II , a nd we write: (15) Solving for th e appare nt inte rcept in te rms of (x " y /) and (X2,n') a nd us ing eqs (14) and (15) as appropriate, we find aft er some ma nipulation th at to second order in 8 and E , th e relative e n'or in th e intercept is given b y Taking the maximum a nd minimum scattering angles used for X2 and Xb we have (X2 + XI)/(X2 -XI) = --/2. For SRM 1484, with the s trongest angle-dependence of th e three SRM's, the obselved scattering signal at 135° was about 6 percent larger than that at 45°. Then we have E = 0.06 , a nd th e relative error in Mw from neglect of the refl ection correction is 0 .002 X 0.06 X --/2, or about 0.02 percent for SRM 1484 and even less for th e other two SRM's. To th e nearest 0.1 percent , this is zero, a nd is so e ntered on line 11 of table 3.
Instrumental Misalignment
As described in section 2.1a, the optical alignment of th e photometer was checked by observing that the scatterin § signals obtained from solvent at angles of 45 and 135 differed by less than 1 percent. From consideration of the instrument geometry and the alignment procedure, it appears that the likeliest misalignment is a constant offset in the scattering angle. For the vertically polarized scattering of vertically polarized light from solvent, the signal observed at scattering angle () should be proportional to esc (). It can easily be shown that in this case, a difference in scattering signal at 45 and 135 0 of 1 percent could be produced by an offset in the scattering angle of only 0.3 0 , which is consistent with our estimate of the accuracy of the alignment. Using the notation of section 4.9, we find that the relative error in the intercept a, and therefore in Mw, arising from equal and opposite relative errors 8/2 in Yt and Y2 is given by For Xl and X2 corresponding to scattering angles of 45 and 135 0 respectively, this reduces to the simpler form
Thus the error increases with bfa, which is propOltional to the mean-square radius. However, even for SMR 1484, the term ~ b/a is only about 0.05, and the error given by the above expression for 8 = 0.01 is 0.7 percent for all three SRM's.
Refraction Correction
The observed scattering signal is proportional to both the scattering volume "seen" by the detector and the angular aperture of the detector optics. In general, both these quantities are functions of the index of refraction of the scattering liquid and of the system geometry. Equation (10) is written for the special case where the size and uniformity of the incident light beam are such that the incident intensity is constant over the region "seen" by the detector. For the instrument employed in this work, this condition is only approximately satisfied and eq (10) is not strictly valid. In principle, the factor nB 2 in eq (10) should be replaced by a function of nB, the index of refraction ns of the solutions being measured, the system geometry, and integrals of intensity over various parts of the beam profile. However, for our present purpose it is neither practical nor necessary t obtain the exact expression. It is shown elsewhere [17] that in the special case where the incident beam dimension is much smaller than the region "seen" by the detector, the shape of the beam profile is irrelevant and the correct expression is obtained by replacing nB 2 in eq (10) by nSnB(nB + z)/(ns + z), where z is a function of system geometry equal to about 1/9 for our instrument. The correction factor to be applied to eq (10) in this case would then be just (nS/nB)(nB + z)/(ns + z). This represents the limiting case; in our instrument the beam and the detector aperture are roughly the same size. The correction will then be smaller, and we can use the small-beam expression as an upper limit on the error in eq (10) from refraction effects.
Taking nB = 1.503 and ns = 1.586, we find a correction factor of 1.004, or a limiting error of 0.4 percent.
Anisotropy of Polyethylene
Equations (6) 
Temperature Dependence of Scattering of Glass
Since the glass rod used as a working standard was compared with benzene at 23 °e and with the polyethylene solutions at 135 °e, any temperature dependence in the scattering from the glass rod will give rise to errors in our values of Mw' It appears [20] that for the type of glass used for the working standard, the temperature-dependent scattering should amount to no more than 1 percent of the total scattering, and the temperature dependence of this part should be no stronger than the first power of the absolute temperature. The resulting maximum error, for comparisons between 23 and 135 °e, is 0.4 percent.
Cutoff of Virial Expansion
As described in section 3.2, virial coefficients beyond the third were not included in the analysis of the light-scattering data. At the solution concentrations employed in this work, their contribution should be negligible. Nevertheless, their neglect constitutes a source of systematic error, upon which we now attempt to set a limit. We first examine the relative sizes of the terms Coo, ClOc, and C20 C 2 in eq (5) at the maximum concentrations at which measurements were taken for each of the three SRM's. The relative sizes turn out to be 1.00 : 0.52 : 0.08 for SRM 1482, 1.00: 0.70 : 0.15 for SRM 1483, and 1.00: 0.74 : 0.09 for SRM 1484. The series all appear to be converging at a satisfactory rate. In addition, in each case the ratio of the third term to the second is appreciably smaller than the ratio of the second term to the first. Lacking any means of estimating the size of the fourth virial coefficient directly, it seems sufficiently cautious to suppose that the ratio of the fourth term to the third will be no larger than the ratio of the second term to the first, i.e., C30 ~ CIOC20/COO' In terms of the virial coefficients, this amounts to the assumption A4 ~ 3/2 M w A2 A3, using the relation A4 = ~K'C30' the analogue of eqs. (8) and (9) for the fourth virial coefficient. The effect of a value of C30 of this maximum size upon the value of Mw was found by a technique similar to the method described in 4.8 for estimating the effects of errors in solute weights. For each SRM, a typical set of measurements was chosen as a reference set, and the corresponding value of M w taken as the reference value. An "error" term C3cf: 3 , with C30 determined as described above, was th e n subtrac ted from each value of c/fc in the set, and th e value of Mw recalculated.
The resulting changes of 0 .7 percen t, 1. 4 percent, and 0.9 percent for SRM 1482, 1483, and 1484, res pectively, are shown on line 16 of table 3.
Summary
Estimates of the contributions of individual sources to the overall systematic elTor in Mw are summarized in table 3. It will be seen that the uncertainty in the Rayleigh ratio for benzene, shown on line 5 of table 3, completely overwhelms all th e other uncertainties . Furthermore, it is based on literature values, whi c h may be subjec t to future revision. Therefore, we first co nsid er all th e li s ted sources of error except th e Rayle igh ratio of benzene. The sum s and root-sumsquares of th ese are also shown in table 3. As di scussed in 4.8, we beli eve th at th e simpl e sum is a n overl y pessimistic estimate of error, and that th e root-s um-square is more realistic. However, both to te mper thi s judgme nt and to allow for other sources of error not consid ered here expli ci tl y, we form our fin al, "best" es timates by increas ing th e root-sumsquares values of 2.5 to 3 percent in line 18 to 4 percen t, as shown on line 19. Finall y, we form th e root-sum-square of this value with th e uncertaint y in th e Rayleigh ra ti o for be nze ne to obtain fin al estimates for syste mati c errors from all sources of II percent, as shown on line 20 of ta ble 3 and on the certificates for SRM's 1482, 1483, a nd 1484.
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